The aim of this study was to produce niflumic acid nanoparticles without using an organic solvent, in order to achieve an increased rate of dissolution of the final products. Co-grinding with excipients was used to decrease the particle size. Poloxamer 188 (P) and mannitol (M) applied as co-grinding materials stabilized the system, preventing aggregation of the nanocrystals. The morphology and particle size distribution of the products were visualized by using scanning electron microscopy and laser diffraction. The crystalline states of the samples were investigated by differential scanning calorimetry and X-ray powder diffraction. The rate of dissolution of niflumic acid was measured with a paddle method from simulated media. It was concluded that the particles produced were in the nanometer range (the mean particle size was ~250 nm) and the nanoparticles maintained their crystallinity during the process. The rate of dissolution of the coground sample was significantly improved.
Introduction
The formulation of poorly water-soluble drug materials is currently a major challenge for the pharmaceutical industry. In some cases, the production of micro-and nanosized crystals of active ingredients through novel methods can solve solubility problems, resulting in improved drug release and enhanced bioavailability. This is particularly important as concerns drugs with low solubility and high permeability in class II of the Biopharmaceutical Classification System (BCS) [1] . The Noyes-Whitney equation implies that a decrease in particle size will lead to an increase in the surface area, which can improve the drug dissolution velocity [2] . The processes of the dissolution and recrystallization of drug particles eventually come into equilibrium. Crystals in the nanometer range exhibit a higher dissolution pressure than that of microcrystals, and their saturation solubility is therefore also higher [3] .
The various methods used to decrease particle size into the micro-or nanosize range can be divided into two main categories, as bottom-up and top-down techniques. These two categories are not separated sharply because use of the top-down together with the bottom-up is important to control the particle size [4] [5] [6] [7] [8] . In the bottom-up approach, the drug is first dissolved in a solvent, and the resulting solution is then added to a non-solvent, as a consequence of which the drug precipitates. Examples include supercritical fluid technology [9] , evaporation precipitation from aqueous solution [10] , melt emulsification, solvent diffusion and solvent evaporation. In the frequently used top-down methods, the raw material is progressively broken down until micro-or nanosized particles are produced. This particularly involves grinding [11] . In wet-grinding, the grinding medium is water or a suitable buffer; the drug and a stabilizer are used together. Dry-grinding is often used to decrease particle size in the absence of water or any organic solvent, but the particle size is limited because of the aggregation of the particles [12] . The use of one or more excipients can prevent the particles from undergoing aggregation. In co-grinding processes, the grinding chamber is charged with pearls or balls, a drug powder and a stabilizer. The pearls are rotated and generate strong shear forces which disintegrate the drug powder into nanoparticles. The physicochemical properties of the particles produced depend on the number of pearls, the amounts of drug and stabilizer, and the duration and the speed of grinding. This is a useful method because it involves low costs and can be carried out easily and economically, without any organic solvent. It can allow rapid production [13, 14] .
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The model drug used in our present work was niflumic acid (NIF), which is an important nonsteroidal anti-inflammatory drug, used to treat certain kinds of rheumatic diseases, for example rheumatoid arthritis, arthrosis and decreased joint diseases. It is a BCS II drug, with poor solubility and high permeability. Although it is used widely, it has some side-effects, such as nausea and vomiting [15, 16] .
Some results have been published earlier in connection with decrease of the particle size of NIF to the microand nanometer range with the aim of achieving faster dissolution and higher solubility. Several techniques have been used to prepare micrometer-sized NIF particles with excipients, e.g. use of a ternary system of NIF, hydroxypropyl-β-cyclodextrin (HPβCD) and polyvinylpirrolidone (PVP K-25) in different ratios. Co-evaporation has been used to improve the dissolution rate [17, 18] . In other work, PVP K-25 was applied to prepare physical mixtures and solvent evaporated methods in order to extend the rate of dissolution of NIF [19, 20] .
In our own previous study, bottom-up and top-down methods were used to increase the extent of dissolution of NIF. The bottom-up solvent diffusion method was applied to change the crystal size and distribution and the physicochemical behavior of NIF. In this method, excipients are dissolved in water and NIF is also dissolved in a suitable organic solvent (ethyl acetate). In the solvent evaporation method, NIF was dissolved in acetone, which is immiscible with water. The mean particle size was only 5 µm and the dissolution rate was therefore significantly improved for both products [21] . Wet grinding as a top-down method was applied with excipients such as mannitol and Poloxamer188. This method also resulted in micro particles [22] .
In our earlier work, the processibility of nanosized NIF was investigated. The first chosen process was electrospray crystallization [23] . This is a novel bottom-up method, where acetone is used as an organic solvent. The formulated particles have a mean size of ~500 nm, and range from amorphous to a crystalline state. The sample produced was mixed with excipients after the crystallization process. It was found that the rate of dissolution of the physical mixture was improved in simulated gastric juice and in intestinal juice, but it was not perfect. The amount of NIF dissolved was increased to 41% after 15 min and to 73% in 1 h [24, 25] . The nanoparticles of NIF did not result in a sufficiently high dissolution pressure because of the cohesion forces and the necessary effect of the increased surface area was not attained.
The goal of our present research work was to produce NIF nanoparticles smaller than 500 nm, and with a higher dissolution rate than previously. Co-grinding without an organic solvent (dry-grinding) was used to produce a stable, nanocrystalline form of NIF. Poloxamer 188 (P) and mannitol (M) as co-grinding materials were used to stabilize the system against aggregation of the nanocrystals. The physicochemical properties of the nanonized products were compared with those of the starting physical mixture and the extents of dissolution of NIF were investigated.
Materials and Methods

Materials
NIF(2-{[3-(trifluoromethyl)phenyl]amino}-3-pyridinecar boxylic acid) with a mean particle size of ~80 µm was from Gedeon Richter Pharmaceutical Factory, Budapest, Hungary (indicated as Raw-NIF in the text). β-D-Mannitol (M) was purchased from Hungaropharma Plc. (Budapest, Hungary), and Poloxamer 188 (polyethylenepolypropylene glycol) (P) from Fluka (Ljubljana, Slovenia).
Preparations
Preparation of the Sample by Grinding
The Raw-NIF was ground without excipients (Mill-NIF) with a Planetary Monomill PM 100 (Retsch Technology GmbH, Haan, Germany). The grinding was performed for 2 h in a 50 cm 3 stainless steel milling drum containing 10 stainless steel balls 10 mm in diameter.
Preparation of the Sample by Co-Grinding
Because of the possibility of aggregation, Raw-NIF was ground together with the calculated amount of M as carrier and P as additive. The product is referred to in the text as NIF-M-P co-grinding. The presence of M as carrier ensures the homogeneous distribution of the NIF in the system and prevents the aggregation of NIF crystals, while P as a stabilizer helps by wetting to arrest the aggregation of the drug. For comparison, the physical mixture of the components was used (NIF-M-P physical mixture), which was prepared from the calculated amounts of Raw-NIF and carriers (M and P) with a Turbula mixer (Willy A. Bachofen Machinenfabrik Basel, Switzerland) at 50 rpm for 10 min. The compositions of the samples are presented in Table 1 . 
. Particle Size and Distribution
The volume particle-size distribution of Raw-NIF was measured by laser diffraction (Mastersizer S, Malvern Instruments Ltd., Worcestershire, UK), with the following parameters: 300RF lens; small volume dispersion unit (2000 rpm); the refractive index for the dispersed particles was 1.510 and that for the dispersion medium (a saturated aqueous solution of NIF) was 1.330. The water-soluble components dissolved readily in the dispersion medium, and for the other samples therefore, only the NIF was measured. D (V; 0.1) is the particle diameter at which 10% of the particles in the volume have a diameter below this value. The volume median diameter D (V; 0.5) is the diameter at which 50% of the particles have a diameter above and 50% have a diameter below this value. D (V; 0.9), means that 90% of the volume is distributed below this particle diameter.
Particle Morphology
The shape and surface characteristics of the particles in the various samples were visualized by using a scanning electron microscope (SEM) (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan). Briefly, the samples were sputter-coated with gold-palladium under an argon atmosphere, using a gold sputter module in a high-vacuum evaporator, and the samples were examined with the SEM set at 15 kV. The air pressure was 1.3 -13.0 mPa. NIF(2-{[3-(trifluoromethyl)phenyl]amino}-3-pyridinecar boxylic acid) with a mean particle size of ~80 µm was from Gedeon Richter Pharmaceutical Factory, Budapest, Hungary (indicated as Raw-NIF in the text).
Structural Parameters
Thermoanalytical Measurements
The Mettler Toledo thermal analysis system with the STAR e thermal analysis program V9.1 (Mettler Inc., Schwerzenbach, Switzerland) was applied to characterize the structures of the products. The DSC (differential scanning calorimetry) and TG (thermogravimetry) measurements were made by examining approximately 2 -5 mg of material in the temperature range between 25˚C and 300˚C. The heating rate was 5˚C min −1 . Argon was used as carrier gas during the DSC investigations, at a flow rate of 10 l h −1 . In Equation (1), the crystallinity index for NIF (CI NIF ) was calculated from the heats of fusion:
where
) of NIF, and
) of Raw-NIF [26] .
X-Ray Powder Diffraction (XRPD)
The physical states of the Raw-NIF and the excipients in the different samples were evaluated by XRPD with a Miniflex II X-ray Diffractometer (Rigaku Co., Tokyo, Japan), where the tube anode was Cu with Kα = 1.5405.
Patterns were collected at a tube voltage of 30 kV and a tube current of 15 mA in step scan mode (4˚ min
). The instrument was calibrated by using Si.
Physicochemical Properties
Drug Content
The drug contents in the NIF-M-P physical mixture and NIF-M-P co-grinding samples were determined by dissolving an amount of dried sample which contained 10 mg of NIF in 10 ml of intestinal juice (pH = 6.8 ± 0.1). The solution was then stirred with a magnetic stirrer (400 rpm) at 37˚C for 24 h. After this, the solution was filtered and analyzed spectrophotometrically (ATI-Unicam UVVis spectrophotometer) at 288 nm. Each sample was prepared and analyzed in triplicate.
In Vitro Dissolution Testing
The dissolution profiles of product samples containing 28 mg of NIF (corresponding to the therapeutic dose) were examined by a paddle method. The medium was 100 ml of gastric juice (pH = 1.2) or intestinal juice (pH = 6.8). The rotation speed of the paddles was 100 rpm and sampling was performed up to 120 min. After filtration (the pore size in filtration was 0.22 µm) with the application of a Millex-GV syringe-driven filter unit (Millipore Corporation, Bedford, USA) and dilution, the NIF contents of the samples were determined spectrophotometrically at 256 (gastric juice) or 288 nm (intestinal juice). Statistical tests to compare the dissolution data were performed by ANOVA. The difference between samples was deemed statistically significant if the 95% confidence intervals for the means did not overlap (p < 0.05).
Results and Discussion
Particle Size Distribution
The particle size analysis revealed that the crystals of Raw-NIF had a mean particle size of approximately 81 µm. After grinding without any excipients, the mean particle size of Mill-NIF decreased, to give a D (V; 0.5) value of 16.65 µm and aggregation was observed. In the NIF-M-P physical mixture, the size of the NIF crystals decreased to 62.58 µm because of the disintegrating effect in the Turbula mixer. After application of the excipients during the grinding process, the particle size of NIF was nearly 200 nm. The excipients (M and P) clearly prevented aggregation of the nanoparticles. Use of the Open Access ANP
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excipients during the grinding process is therefore of fundamental importance ( Table 2) .
Particle Morphology
The changes in the habit of the NIF crystals were revealed by the SEM pictures (Figure 1) .
The Raw-NIF crystals had a smooth surface with prismatic form, with a mean particle size of ~81 µm. In the case of the Mill-NIF, somewhat more spherical NIF crystals were found. It may be stated that there were some nanonized crystals present, but these particles were clustered into aggregates because of the high cohesion forces. Excipients are therefore needed during the milling process. The characteristic morphology of the Raw-NIF was also seen in the NIF-M-P physical mixture. In the NIF-M-P co-grinding sample, submicron-sized NIF crystals measuring ~200 nm were produced. As M is a highly water-soluble compound, it could create a highly hydrophilic environment around the NIF nanoparticles and additionally the particle size of M decreased. The starting M had D (V; 0.5) = 36.37 µm.
Thermoanalytical Behavior
DSC was employed to investigate the melting points of the Raw-NIF and the samples and the crystallinity of Raw-NIF and Mill-NIF. Single sharp endothermic peaks were observed (Figure 2) , corresponding to the melting points of Raw-NIF (202.27˚C) and Mill-NIF (202.37˚C), i.e. nearly identical. The reason is the aggregation of the NIF nanocrystals in the Mill-NIF. The melting point of nanonized crystals is usually lower because their heat flow is faster than that of the microcrystals. The calculated crystallinity index for Mill-NIF was 99.77% (the reference value was 100% for Raw-NIF). It can be concluded that the grinding process did not influence the crystallinity of Mill-NIF. It is known that crystalline forms are more stable than amorphous material. Figure 3 demonstrates three endothermic peaks for the NIF-M-P physical mixture: the melting point of p at 55˚C, the melting point of M at 166.4˚C, and the melting point of NIF at ~200˚C. For this sample, the melting point of NIF was decreased. For the co-ground sample, the melting point of NIF has almost disappeared, the reason probably being that the particle size has decreased and the NIF has dissolved into the molten M.
X-Ray Powder Diffraction
XRPD was used to examine the crystalline phase of the products. The pattern for Mill-NIF (Figure 4) , exhibited the characteristic peaks of Raw-NIF at 2θ values of 8.2, 12.88, 16.16, 23.18 and 25.4. It can be seen that the intensities of the main peak at 2θ = 23.18 was decreased for the Mill-NIF sample because of the aggregation of the nanocrystals, but the sample was in crystalline form.
Comparison of the XRPD patterns of the products containing excipients revealed that the characteristic peaks of NIF-M-P physical mixture and NIF-M-P co-grinding were in the same positions, but with different peak intensities. The reason is the decrease in particle size and the presence of M, which covers the surface of the NIF, resulting in a reduced peak intensity. During the co-grinding process, the structure of the M is also modified from the β to the α and δ modifications (2θ = 11.48) ( Figure  5 ).
Drug Content and in Vitro Dissolution Testing
NIF displays amphoteric behaviour, with isoelectric point at pH = 3.3, where the molecule is predominantly present in zwitterionic form. The dissolution of NIF is pH-dependent. The drug content of the final products (NIF-M-P physical mixture and NIF-M-P co-grinding) was 98 ± 2%, in comparison with 100% for Raw-NIF.
The dissolution of Raw-NIF in simulated intestinal juice is better than that in simulated gastric juice (Figures 6 and 7) . In the gastric juice, no significant differences were measured between the dissolution rates of sufficient surface to ensure an increase in the dissolution rate. In contrast, the presence of both M and P and the co-grinding process (NIF-M-P co-grinding) had a great effect on the dissolution rate: 70% of the NIF dissolved within 5 min. Although dissolution of 100% of the drug required 140 min, the dissolution profile in gastric juice, with a very fast initial dissolution phase, predicts a fast effect in pain therapy.
For all of the samples, the dissolution in intestinal juice, was faster all of the samples, than that in gastric medium. The solubility of NIF in gastric juice was 0.143 mg·ml −1 and that 2.125 mg·ml −1 was in intestinal juice. However, in the presence of the excipients, higher dissolution rates were achieved, and 60% of the NIF was dissolved in the first 10 min. It could therefore be concluded that the excipients influenced the dissolution rate. On combination of the excipients and the grinding process, the rate of dissolution was much better, nearly 100% of the NIF dissolving in 20 min.
Conclusions
Nanocrystals of NIF were produced in a co-grinding process in order to increase the rate of dissolution of the final products. P and M were used as co-grinding materials to stabilize the products against aggregation of the nanocrystals.
The co-grinding with the excipients resulted in nanoparticles with a mean particle size of 250 nm. Thermoanalytical and XRPD investigations confirmed that the nanoparticles maintained their crystallinity during the grinding process. M and P as excipients are very important from the aspect of the particle size reduction and the distribution of nanonized NIF in the solid system. The nanonized NIF (NIF-M-P co-grinding) dissolved significantly faster than the other products (Raw-NIF, Mill-NIF, NIF-M-P physical mixture) in gastric juice. The dissolution in intestinal juice was faster for all samples than that in gastric medium, but the product of NIF-M-P co-grinding exhibited the fastest and most extensive dissolution. Co-grinding with M and P can be suggested for the nanonization of NIF in order to achieve fast dissolution in the gastric medium. It should be added that the co-grinding process involves fast dry-technology (without solvents, and without a mixing process for the nanonized drug and excipients). The critical parameters of the process can be characterized well for design of industrial products (scaling-up process). The dry-technology results in stable solid particles with crystalline behavior. Our results indicate that this technology can be recommended for the development of original and generic dosage forms to increase the bioavailability of different poorly water-soluble drugs.
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